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GLOSSARY

ATTENUATION OF INTENSITY--The fall-off of seismic intensity with distance from
the epicenter. In regions where the intensity attenuation 1s low,
such as the central United States, damaging intensities extend to
much greater distances from an epicenter than they would, for
example, in California, where intensity attenuation is higher.

BODY WAVES--Seismic waves that travel through the earth. There are two kinds
of body waves, P waves and S waves. The P wave, sometimes called
the "primary wave" because it travels faster and arrives first, is a
compression-rarefaction vibrating in the direction of propagation.
The S wave, sometimes called the "secondary wave" because it arrives
after the P wave, is a shear wave vibrating at right angles to the
direction of propagation.

EPICENTER--The location on the earth's surface directly above the focus of an
earthquake,

EPICENTRAL AREA--Area surrounding the epicenter, usually the isoseismal of
highest intensity.

FAULT--A fracture or fracture zone in the earth. Earthquakes are caused by
ruptures along faults. A fault may exist at depth and not break the
surface when it ruptures.

FELT AREA--The entire area over which an earthquake is reported felt. See
also "isoseismal map”.

FOCAL DEPTH--The depth of focus of the earthquake beneath the surface of the
earth.

FOCUS--The center, or source, of an earthquake below the surface. Also called
the hypocenter.

HYPOCENTER~-The focus.

INSTRUMENTAL EARTHQUAKE--An earthquake whose vibrations were recorded by
instruments, or seismographs.

INSTRUMENTAL EPICENTER--The epicenter calculated by using the time of the
vibration recorded on seismograms. It usually corresponds to the
area of highest intensity.

INTENSITY SCALE--An arbitrary ranking of the effects produced by an earthquake
on people, structures, and the ground. The intensity value is
denoted by a Roman numeral in the Modified Mercalli (M.M.) Intensity
Scale (See Appendix 1). The maximum intensity, denoted by Iy, is
the most severe of these effects, and occurs, usually, near the
instrumental epicenter.
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ISOSEISMAL MAP--A map on which assigned inteunsities for a single earthquake
have been plotted and contoured. Examples are figures 2, 4, 5, and
6. The contour lines are called "isoseismals”. The innermost
contour (highest isoseismal) is the epicentral area, and usually
includes the instrumental epicenter. Epicenters for pre-
instrumental earthquakes are usually placed at the location of the
highest known intensity report. The outermost isoseismal encloses
the "felt area” of the earthquake.

LIQUEFACTION--The sudden transformation of soil into a fluid. Repeated
earthquake vibrations can cause a loose, water-saturated sand to
suddenly loose all of its shear strength or internal friction
resistance and collapse. 1If the released water can find an outlet
to the surface, continuing vibrations can then pump water and sand
out of the ground. When this water and sand spouts from a single
hole it is called a "sand blow"; it may also seep out of the ground
along loung fractures or cracks. This phenomenon was widespread in
the central Mississippi Valley during the 1811-1812 New Madrid
earthquakes (figure 3), and the sand deposited at that time may
still be seen in aerial photographs (figure 45).

mb—-Body—wave magnitude. See "magnitude”.
MS—-Surface—wave magnitude. See "magnitude”.

MAGNITUDE--An instrumental measure of the size of an earthquake, or of the
total amount of energy released at the source of the earthquake.
Several different magnitudes may be calculated from the amplitudes
of the seismic vibrations recorded by a seismograph. The two most
common ones worldwide are my, derived from the body-wave vibrations,
and Mg, derived from the surface-wave vibrations. Magnitude is
popularly referred to as "Richter magnitude" because the first
magnitude scale was developed by Charles F. Richter.

PRE~INSTRUMENTAL EARTHQUAKE--Any historical earthquake that occurred before
the development of seismographs. Epicenters for such earthquakes
are usually placed at the site of the highest known intensity
report, or on the trace of an active fault near that report (when
such a fault is known). Magnitudes of pre-instrumental earthquakes
are usually estimated from: 1) the maximum intensity, I,; 2) the
felt area; or 3) the attenuation of intensity with distance as
determined from an isoseismal map.

SAND BLOW--See "liquefaction™.
SEICHE--A wave created on the surface of an enclosed body of water. Seiches

caused by seismic waves may occur hundreds of kilometers from the
epicenter.
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SEISMICITY--The areal distribution of historical earthquakes. Figure 7 shows
the geographical distribution of the historical seismicity of the
Mississippi Valley. The catalog of these events also gives their
distribution in time.

SEISMIC WAVES—-The disturbances propagated outward from the focus of an
earthquake. They cause the vibrating or rolling or swaying motions
observed at sites far from the epicenter. Seismic waves that travel
through the earth are called "body waves”. Those that travel along
the earth's surface are called "surface waves”.

SEISMIC ZONE-—An area of intense local seismicity. The microseismicity of the
New Madrid seismic zone (figure 8) implies the location of the
buried fault.

SEISMOGRAM-—-An instrumental record of earthquake vibrations. Information
obtained from seismograms includes arrival times, amplitudes, and
periods of seismic waves. These measurements are used to calculate
the magnitude of the earthquake and the location of the hypocenter,

SEISMOGRAPH--An instrument to record earthquake vibrations. The record of the
vibrations is a "seismogram”.

SURFACE WAVES--Seismic waves that travel only along the surface of the earth,
WAVE AMPLITUDE—--Height of a wave crest above the base line.
WAVE LENGTH--Distance between succeeding wave crests.

WAVE PERIOD--Time for the passage of one complete wave cycle.
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ESTIMATION OF EARTHQUAKE EFFECTS ASSOCIATED WITH LARGE EARTHQUAKES
IN THE NEW MADRID SEISMIC ZONE

By Margaret G. Hopper and S. T. Algermissen
ABSTRACT

Estimates have been made of the effects of a great earthquake (M_ = 8.6,
o = XI), a large earthquake (MS = 7.6, I, = X), and a moderate earthquake (Ms
6.7, I, = IX) hypothesized to occur anywhere in the New Madrid seismic
zone. The estimates are based on the distributions of observed intensities
associated with the earthquakes of 1811-12, 1843 and 1895, although the
effects of other historical shocks are also considered. The resulting
composite type intensity maps for each magnitude are believed to represent the
upper levels of shaking likely to occur. A composite intensity map shows a
more widespread distribution of effects than would result from a single
earthquake of the chosen magnitude, say 8.6, because the distributions of
effects were plotted for magnitude-8.6 earthquakes that could occur anywhere
from the northern to the southern end of the seismic zone, and the maximum of
the resulting intensities was chosen for each point on the map. Specific
intensity maps have also been developed for seven cities near the epicentral
region taking into account the most likely distribution of site response in
each city., Intensities found for the magnitude-8.6 shock are: IX for
Carbondale, Ill,; VIII and IX for Evansville, Ind.; VI and VIII for Little
Rock, Ark.; IX and X for Memphis, Tenn.; VIII, IX, and X for Paducah, Ky.;
VIII and X for Poplar Bluff, Mo.; and VII, VIII, and IX for Saint Louis, Mo.
Intensities found for the Mg = 7.6 and 6.7 shocks are one and two intensity
units lower, respectively. On a regional scale, intensities are found to
attenuate from the New Madrid seismic zone most rapidly on the west and
southwest sides of the zone, most slowly on the northwest along the
Mississippi River, on the northeast along the Ohio River, and on the southeast
toward Georgia and South Carolina. Intensities attenuate toward the north,
east, and south in a more normal fashion. Known liquefaction effects are also
documented.
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INTRODUCTION

by Margaret G. Hopper

The New Madrid seismic zone is the site of some of the largest historical
earthquakes in the conterminous United States, the 1811-1812 series. It is
also the most seismically active area in the central United States. Since an
earthquake with a maximum Modified Mercalli (M.M.) intensity greater than IX
has not occurred in the area since 1895 (see Appendix 1 for a description of
the Modified Mercalli intensity scale), and not one equivalent to the 1811-
1812 sequence since 1812, the people of the region are generally neither
expecting nor prepared for a damaging earthquake. There are many older
buildings of unreinforced brick that are known from experience in areas of
frequent earthquakes to represent a considerable risk. If these structures
were located in an area with more frequent large earthquakes, they would have
been damaged long ago and perhaps removed. Many people in the Midwest are
unaware of the damage potential of a large earthquake. Although the
occurrence of the New Madrid earthquakes is widely known, they are regarded
only as interesting curiosities,

The New Madrid seismic zone has been the focus of a considerable amount
of scientific research in recent years. Important publications with
particular relevance to this study include a number of papers by Nuttli (1973,
1974, 1979, 1981, and 1982), Street (1981 and 1982), Street and Nuttli (1984),
the U.S. Geological Survey Professional Paper on the New Madrid region
(McKeown and Pakiser, 1982), the MATCOG (Mississippi-Arkansas-Tennessee Coucil
of Governments) study (M & H Engineering and Memphis State University, 1974),
and the recent book on earthquake risk for the New Madrid region by Liu
(1981). Studies on ground effects during the New Madrid earthquakes include
those by Russ (1979) and Obermeier (1984). Considerable research has been
done in the city of Memphis, including the MATCOG report mentioned above, a
study by Sharma and Kovacs (1980) of Purdue University, and by Nowak and
Morrison (1982) of the University of Michigan.

The objectives of the present study are: 1) to estimate the magnitude
and location of an 1811-type earthquake (surface-wave magnitude M_=8.6), a
large earthquake (M_=7.6), and a moderate earthquake (M_=6.7), 2) to estimate
the levels of damaging ground motion (in terms of Modified Mercalli
intensities) throughout the Midwest resulting from these simulated
earthquakes, 3) to estimate the intensities at each of the seven
representative cities studied individually (see figure 1), 4) to assess the
potential for liquefaction in the area of intensity IX M.M. and above, 5) to
review pertinent aerial photography to find the distribution of sand blows,
and 6) to find areas of lower intensities, both regional and in the seven
cities, based on damage patterns of previous earthquakes and on local geology.

Similar studies in other areas have been prepared for FEMA and its
predecessor agencies. They include reports on San Francisco (Algermissen and
others, 1972), Los Angeles (Algermissen and others, 1973), Puget Sound (Hopper
and others, 1975), and Salt Lake City (Rogers and others, 1976). While this
report is similar in purpose and design to those studies, in method and scope
it is necessarily different. The method varies from the previous reports
because of the different geologic and seismic setting, particularly the low

2
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attenuation of seismic energy in the midcontinent, which results in unusually
large damage areas. This report does not include specific damage estimates,
as did the earlier studies.,

A previous interim report prepared for FEMA during this project (Hopper
and others, 1983) is superceded by this report,
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HISTORICAL SELSMICITY OF THE MISSISSIPPI VALLEY

By Margaret G. Hopper
EARTHQUAKES OF 1811-1812
During the winter of 1811-1812 four great earthquakes occurred in the
Mississippi Valley each having body-wave magnitude my, above 7.0 (see table 1

and figure 2). There have been no other earthquakes larger than these within

TABLE 1.-—Relative sizes of the 1811-1812 earthquakes

[Intensity estimates from Nuttli (1981), magnitude estimates from
Street and Nuttli (1984), and epicenter estimates from D. P.
Russ (oral commun., 1983) and Street (1982). Leaders (-—-)
indicate no data]

Date Local time I Ms my Epicenter
Lat N. Long W.

1811 Dec. 16 2:15 a.m. XI 8.6 7.2 35.8° 90.3°
1811 Dec. 16 8:15 a.m. -— -—— 7.0 36.0° 90.0°
1812 Jan. 23 9:00 a.m. X-XI 8.4 7.1 36.2° 89.8°
1812 Feb. 7 3:45 a.m. XI-XII 8.7 7.3 36.5° 89.6°

the conterminous United States during historical times. Their magnitudes are
comparable to those of the largest California earthquakes, and, because of the
low attenuation of seismic intensities in the eastern and central United
States, their felt areas are much larger than similar magnitude California
shocks. These earthquakes were felt with intensity greater than or equal to V
M.M. (that is, enough to cause alarm; see Appendix 1 for the entire Modified
Mercalli scale) over approximately 2,500,000 km“, which includes the entire
eastern United States (Nuttli, 1973). The area of intensity VII (mainly
architectural damage) and greater covers parts of Illinois, Indiana, Ohio,
Kentucky, Tennessee, Alabama, Mississippi, Louisiana, Arkansas, and

Missouri. Because of the low population density in 1811, the effects of these
earthquakes west of the Mississippi River are not known, but they can be
estimated. From this study and others it is clear that large parts of Kansas,
Oklahoma, and Texas were shaken at the intensity-V level.

The maximum intensities of the four 1811-1812 earthquakes range from X to
XII (see table 1). 1In the epicentral area of the first shock (December 16,
1811, 2:15 a.m.), the St. Francis River area of northeastern Arkansas, a lake
was uplifted and drained, while other places subsided as much as 12 feet (3.7
m) (see figures 2 and 3). Sand and other materials were thrown from fissures
or cracks in the swampland. The greatest disturbance occurred along the
Mississippi River betwecen Islands 30 and 40 along the Tennessee-Arkansas
border north of Memphis (Nuttli, 1973). According to Fuller (1912, p. 10),
"Great waves were created, which overwhelmed many boats and washed others high
upon the shore, the return current breaking off thousands of trees and
carrying them out into the river. High banks caved and were precipitated into
the river, sand bars and points of land gave way, and whole islands
disappeared.” Uplifted areas caused ponding or waterfalls along the

Mississippi. Landslides were extensive along the river banks as far up the
Ohio River as Indiana, but particularly severe along the Chickasaw Bluffs on
5
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this study: the IX at Fort Pickering near what is now Memphis and VII-VIII
at Saint Louis. Since the isoseismal lines are not very well constrained by
the data, they give only an approximation of the intensity at any given
place. Within the IX isoseismal lie Memphis, Paducah, and Poplar Bluff;
within the VIII, Carbondale and perhaps Little Rock; within the VII,
Evansville and St. Louis.
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the Mississippi River north of Memphis. The roads between New Madrid and
Arkansas were made impassable by the earthquake. The area of marked earth
disturbances extended from Cairo to Memphis and from Crowley's Ridge to
Chickasaw Bluffs.

The people in the epicentral area in 1811-1812 were able to survive as
well as they did only because of their lifestyle. There were only about 5000
people living in the area of intensity X and greater, and they occupied light,
wood—-frame structures, the kind least susceptible to earthquake damage.
Transportation was by horse, boat, and foot, and most escaped on foot; the
small population was able to feed itself after the earthquake by hunting wild
geese (Nuttli, 1981).

In addition to the four main shocks, there were numerous aftershocks,
fifteen of them quite strong (table 2). All 19 of the above shocks were
strong enough to be felt at Washington, D.C., and awaken sleepers at night
(Nuttli, 1981). Moreover, Jared Brooks of Louisville, 200 miles (320 km) from
the epicentral area, counted 1,874 shocks felt at Louisville from December 16,
1811 until March 15, 1812 (Nuttli, 1973 and Fuller, 1912 p. 33).

TABLE 2.——Aftershocks of the 1811~-1812 New Madrid earthquakes

[From Nuttli (1981) and Street and Nuttli (1984)]

I, MS Number

X-XI1 >8 4

IX-X 7-8 5
VIII-IX 6~7 10

There is little available information on the 1811-1812 series for the
seven cities in this study. Using Nuttli's (1981) isoseismal map of the 181l
(December 16, 2:15 a.m.) earthquake (see figure 2), Carbondale is in the VIII
area; Evansville, the VII area; Little Rock, off the map; Memphis, the IX
area; Paducah, the IX area; Poplar Bluff, the IX area; and Saint Louis, the
VII area. Nuttli (1973) assigned a IX at Fort Pickering, near what is now
Memphis, and a VII-VIIT at Saint Louis. Street (1982) assigned VII, VI-VII,
and VIII at Saint Louis for the 1811 (December 16, 2:15 a.m.), 1811 (December
16, 8:15 a.m.), and 1812 (February 7) shocks, respectively.

The isoseismals for the 1811 (2:15 a.m.) earthquake, figure 2, are quite
smooth and generalized. This is a result of the limited amount of historical
data for this earthquake and its distribution over the eastern United
States. No information at all is available west of the vicinity of the
Mississippi River. Even less is known about the distribution of effects of
the other three large shocks in the sequence. Recent work by Street and
Nuttli (1984) shows totals of 84, 40, 52, and 45 locations having assigned
intensities for the four principal 1811-1812 shocks, respectively. Those
intensities are unevenly distributed, being predominately located along the
Ohio and Mississippi Rivers and a few other settled areas of the East Coast.
Therefore no attempt was made to contour an isoseismal map from them. In
order to estimate what the distribution of intensities for such future large
shocks might be, another source of intensity information is necessary.
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OTHER LARGE EARTHQUAKES IN THE REGION

Significant information is available for three other central U.S. shocks,
which are all smaller than the four large shocks of the 1811 series, but have
magnitudes (mb) greater than 5.5 (see table 3). All three were damaging
earthquakes. These earthquakes supply more detailed information in areas
where there is little or no 1811 data. Their isoseismal maps are shown in
figures 4, 5, and 6.

TABLE 3.--Relative sizes of large earthquakes in the area

[Estimates from M. G. Hopper and S. T. Algermissen (1980
and unpub., data, 1980), Coffman and Cloud (1970), and
Nuttli (1981)]

Date Io my Epicenter
1843 Jan. 05 VIII 6.0 Near Memphis, Tenn.
1895 Oct. 31 IX 6.2 Charleston, Mo.
1968 Nov. 9 VII 5.5 South—~central Illinois,

The two largest of these earthquakes, (1843 and 1895) were chosen as the
basis for the simulated earthquakes developed in this study. They occurred
near the south (1843) and north (1895) ends of the New Madrid seismic zone.
Since it is assumed that the simulated earthquakes in this study might occur
anywhere in the New Madrid seismic zone, the locations of these two shocks are
ideal for the simulations. Moreover, the greater availability of intensity
data for the 1843 and 1895 earthquakes, compared to the 1811-1812 sequence,
makes possible the more detalled isoseismals that are necessary for the
simulations. Although smaller than the 1843 and 1895 shocks, the 1968
earthquake located north of the New Madrid seismic zone is also discussed here
because of its excellent data set, including assigned intensities at all seven
of the cities considered in this report.

The information available for each of the seven cities considered in this
study for the 1811-1812, 1843, 1895, and 1968 earthquakes is summarized in
table 4. The table shows the distances from the epicenters to each city and
the assigned intensities in the cities where that information exists. Since
there are no records from any of these cities except Saint Louis in 1811-1812
(most of the cities didn't yet exist, except for Saint Louis and Fort
Pickering near Memphis), the isoseismal area (from the Nuttli, 1981,
isoseismal map for the first 1811 shock) within which a city lies is noted
instead of an intensity value assigned on the basis of actual earthquake
effects. Intensities near the seven cities are also noted for some of the
1811 locations. Isoseismal areas, rather than assigned intensities, are also
given when necessary for the other earthquakes in table 4.

The three large earthquakes for which there is much available information
will now be considered in more detail. They are (1) January 5, 1843, near
Memphis, Tennessee (figure 4), (2) October 31, 1895, Charleston, Missouri
(figure 5), and (3) November 9, 1968, southern Illinois (figure 6). Their
effects on the seven cities studied in this report are discussed below. More
detailed information can be found in Appendices 2-8 at the end of this report.
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are: VI at Carbondale, VI at Evansville, I-IV at Little Rock, I-IV at
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January 5, 1843

The 1843 earthquake (figure 4) is the third largest historical earthquake
(or series of earthquakes) in the central Mississippi valley. Only the 1811-
1812 and the 1895 earthquakes were larger. Moreover, the 1843 earthquake is
the closest of the large Mississippi valley earthquakes to the epicenter of
the 1811 earthquake. Slightly more and better distributed intensity data are
available for 1843, and therefore its isoseismals show somewhat greater detail
than those of the 1811 earthquake.

The maximum intensity for the 1843 shock is VIII M.M. The epicentral
area appears to be the area of northeast Arkansas west of Memphis, Tennessee.
Nuttli (1974) noted that no reports are available from this area, which was
lightly populated in 1843, but the maximum intensity there "probably would
have been VIII or slightly greater.” He found m;, = 6.0 based on intensity
attenuation with distance gnd my = 6.1 based on the felt area. Total felt
area is about 1,500,000 km™, or about the same as the 1968 southern Illinois
earthquake (M. G. Hopper and S. T. Algermissen, unpub. data, 1980). Reports
of damage include fallen chimneys and cracked brick walls at Memphis
(Heinrich, 1941); damaged chimneys at Covington, Jackson, and Nashville in
Tennessee, at Helena in Arkansas, at Mills Point [now Hickman] in Kentucky,
and at New Madrid and Saint Louis in Missouri. 1In the St. Francis River area
of northeastern Arkansas a hunter reported that a deep lake had been formed by
the earth's sinking on the river. (The Daily National Intelligencer,
Washington, D.C., Jan. 30, 1843.)

The following is the available information, taken from M. G. Hopper and
S. T. Algermissen (unpub. data, 1980), for the 1843 earthquake for each of the
seven cities in this study:

Carbondale, Illinois:

No report is available from Carbondale for the 1843 earthquake, but the
city is within the intensity-V isoseismal. No reports exist within a 50-km
radius of Carbondale. The closest available intensity data are three IV's at
distances of 75, 95, and 120 kilometers from Carbondale, and one V at 115
kilometers.

Evansville, Indiana:

No report is available from Evansville for the 1843 earthquake. The city
is within the intensity-V isoseismal but no reports are located within a 50-
kilometer radius of Evansville. The nearest report is a IV from a location
about 60 km downstream along the Ohio River.

Little Rock, Arkansas:

The Little Rock State Gazette describes "the rattling of windows,
glasses, and cupboards, and the creaking of our wooden houses....The shaking
of the earth...seemed to indicate a vibratory motion from N.E. to S.W., and
continued for about the space of one minute.” This report is assigned
intensity 1V.

14



Memphis, Tennessee:

Several newspapers give accounts of the earthquake at Memphis. The
American Eagle of January 6, 1843, says, "We were in our office..., in the
second story of a new block of brick buildings., The commencement of the
jarring we conceived to proceed from the violent undertaking of some person to
shake open a door beneath us, But in a moment afterwards, the agitation
seized the brick walls surrounding us, shaking and reeling them, to such an
extent, as to knock down particles of brick and plaster, jarring the roof and
whole buildings so as to impress us with the fear of the buildings's
falling....We hastily fled into the street for safety....In the street there
was still a violent rocking of the earth, and a rattling and rumbling noise.
People fled into the streets.

The shock lasted about two minutes, and reached its most agitation period
at the end of the first half minute, when it gradually died away in a dismal
rumbling sound, apparently moving to the south-east, and proceeded from the
north-west.

The tops of several chimneys were shaken down, the bricks falling
inside..,..A great many brick walls are seriously cracked and sunk, windows
broken, and a cotton shed, naturally crazy, fell down shortly after the
shock.”

Memphis is assigned an intensity of VIII. It is the only intensity VIIIL
assigned for the shock. The epicenter is assumed to be about 30 km west of
Memphis.

Paducah, Kentucky:

No report is available from Paducah in 1843. The city is within the
intensity-VI isoseismal with no reports within a 50-km radius. The closest
reports are a IV at 85 km from Paducah and two VII's at 75 and 100 km from
Paducah. The two VII's are about 90 km closer to the epicenter than Paducah.

Poplar Bluff, Missouri:

No report is available for Poplar Bluff for 1843. The city is on the line
between the intensity-V and VI areas. No other reports are located within a
50-km radius of Poplar Bluff, and the closest report is the intensity-VII at
New Madrid, about 80 km away from Poplar Bluff,

Saint Louis, Missouri:

There are several reports of the earthquake's effects at Saint Louis (see
Appendix 8 for complete accounts)., W. C. Love wrote in a letter, "I have
heard of no damage, in town, except to Mauro's chimney and the chimney of the

Session—-House of Ballard's church.”

Saint Louils is assigned intensity VII.
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October 31, 1895

The 1895 earthquake (figure 5) is the largest historical earthquake in
southeast Missouri, except for the 1811-1812 sequence. It is therefore of
particular interest to this study because its effects were much better
observed than those of 1811 and 1812. The numbers of people and structures in
the area by 1895 provided more numerous and better distributed reports than
were available in 1811. This allows much better defined isoseismals, which
can be used to estimate the shaking west of the Mississippi River that must
have occurred as a result of the 1811 earthquake.

The maximum M.M. intensity is at least VIII, and probably IX; VIII is
assigned at seven places by Hopper and Algermissen (1980). Heinrich (1941)
notes that at Charleston "every building in the commercial block was
damaged...and many walls were cracked.” At Cairo "the number of chimneys
shaken down in the city probably runs Into the hundreds"” (Marvin, 1895).
Sandblows, or spouts of water and sand, were reported near Bertrand, Big Lake,
and Charleston, Missouri, and a new lake was formed south of Henson Lake,
Missouri; these places are all within the VIII contour, but this evidence of
liquefaction is not used to assign intensities in figure 5. Rather, the
liquefaction locations (for example, Bertrand, Missouri) are denoted on figure
5 by "Q", when no other information 1is available on which to assign a Modified
Mercalli intensity. (Note that, similarly, brief, non-definitive reports are
denoted on figure 5 by "F" (felt), "H" (heavy), and "L" (light).) Nuttli
(1974) assigned a maximum intensity of IX to the Bertrand report and VIII-IX
at Charleston. He derived my = 6.2 based on the intensity fall-off with
distance. The epicenter is placed near Charleston at 37.0°N, 89.4°W by both
Nuttli and other researchers. 1t is marked on figure 5 with a star. The felt
area is estimated to be about 2,500,000 km2 (Hopper and Algermissen, 1980).

The following is the available information, taken from Hopper and
Algermissen (1980), for the 1895 earthquake for each of the seven cities in
this study:

Carbondale, Illinois:

No report is available from Carbondale in 1895. The city is within the
intensity-VII isoseismal, and there are intensity-VII reports from two other
locations within a 50-km radius of Carbondale.

Evansville, Indiana:

Marvin (1895) reports the 1895 earthquake felt at Evansville. The city
is within the intensity-VII 1isoseismal, and there are assigned intensities of
VIII and VII, plus two others simply denoted as "heavy"”, within a 50-km radius
of Evansville.
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Little Rock, Arkansas:

At Little Rock, Marvin (1895) says, "Distinct earthquake, the vibrations
being east and west and lasting about one minute.” Little Rock is assigned
intensity V and is within the intensity-V isoseismal.,

Memphis, Tennessee:

Marvin (1895) notes that in Memphis "there was no damage done...except to
two chimneys in the suburbs, which were shaken down.” Memphis 1s assigned an
intensity of VI for 1895 and is inside the intensity-VI isoseismal. The
closest other reports are all "felt's."

Paducah, Kentucky:

Paducah is assigned an intensity of VIII (Hopper and Algermissen, 1980)
and is within the VIII isoseismal, The Saint Louis Post-Dispatch says, "Houses
swayed to and fro, a number of chimneys fell and several walls were
cracked.” Within 50 km of Paducah are another VIII and two "heavy” locations,

Poplar Bluff, Missouri:

Of Poplar Bluff Heinrich (1941) said, "The movement was described as
rocking and secemed to be east-west. A noise 'like a cyclone' preceded the
shock,"” Poplar Bluff is inside the intensity-V1 isoseismal and within 50 km of
locations assigned VIII, V, and "felt.” Poplar Bluff is assigned "“felt"
rather than a specific intensity,

Saint Louis, Missouri:

There are several reports of the effects of the 1895 earthquake at Saint
Louls (see Appendix 8 for the complete accounts). The Saint Louis Post
Dispatch of October 31, 1895, says: "...Houses Rocked, Windows Rattled and
Brick Chimneys Tumbled to the Ground...The damage to property consisted of the
destruction of a few chimneys and the demolition of a few tottering walls.,

The German Lutheran Church... got about the worst treatment, It will probably
have to be torn down, as the walls are badly cracked....A chimney at its
northeast corner was thrown down, and the cornice work... was crumbled and
cracked in a number of places. The massive front section... seems to be
wholly detached at the top from the body of the building...[which was] put up
in 1834...."

Saint Louis was assigned intensity VI by Hopper and Algermissen (1980).

November 9, 1968

The November 9, 1968 earthquake (figure 6) is the largest earthquake to
occur in the central United States since 1895. Stauder and Nuttli (1970)
located it at 37.95°N, and 88.48°W with a depth of 25 km, They found a body-
wave magnitude of my = 5.54 + 0.44 using stations at teleseismic distance
(beyond 25°) or m, = 5,44 + 0,29 using Evernden's (1967) formula, Stauder and
Nuttli (1970) suggested that the earthquake is probably closely related to the
Wabash Valley fault system in southern Illinois. Gcrdon (1983) relocated the
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epicenter of this shock at 37.911°N, 88.373°W, in the Eldorado subzone of the
Wabash seismic source zone. Gordon and others (1970) found that the strongest
shaking, VII M.M., took place in the Wabash and Ohio River Valleys and
adjacent lowlands of south-central Illinois. They observed that damage
consisted primarily of bricks thrown from chimneys, broken windows, toppled TV
antennas, and cracked plaster. 1In the epicentral area they found cracks in
foundations, chimneys thrown down, and scattered instances of collapsed
parapets and overturned tombstones. Their survey showed 15 percent of the
chimneys within 25 miles (40 km) of the epicenter had sustained damage. The
felt area included 580,000 mi% (1,500,000 km?) of the central United States
including all or portions of 23 states.

The following are the reports from the seven cities included in this
study:

Carbondale, Illinois:

In United States Earthquakes, 1968 (Coffman and Cloud, 1970) intensity VI
is assigned at Carbondale, where there were reports of a crack in the putty on
a window, a cracked sidewalk, and overturned oil tanks. Carbondale is within
the intensity-vI isoseismal,

Evansville, Indiana:

In United States Earthquakes, 1968 (Coffman and Cloud, 1970) intensity VI
is assigned at Evansville, where there were reports that plaster fell through-
out the city, a chimney on an old house fell, and bricks were loosened on an
old church so that the wall threatened to collapse. Evansville is within the
VI isoseismal.

Little Rock, Arkansas:

In United States Earthquakes, 1968 (Coffman and Cloud, 1970) intensity
I-1V 1is assigned at Little Rock. Little Rock is in their I-III area.

Memphis, Tennessee:

In United States Earthquakes, 1968 (Coffman and Cloud, 1970) intensity
I-IV is assigned at Memphis. Memphis is within their IV isoseismal.

Paducah, Kentucky:

In United States Earthquakes, 1968 (Coffman and Cloud, 1970) intensity VI
is assigned at Paducah, where a few bricks fell from chimneys. Paducah is
within the VI isoseismal.

Poplar Bluff, Missouri:
In United States Earthquakes, 1968 (Coffman and Cloud, 1970) intensity V

is assigned at Poplar Bluff. Poplar Bluff is within the intensity-V area.
There is a VI nearby on the east and V's to the north.
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Saint Louis, Missouri:

Coffman and Cloud (1970) report: "Several injured by falling debris.
Walls cracked, chimneys fell, aund windows broke. A... section of..., wall at
Mid-American Metal Company collapsed. Civil War Museum at Jefferson Barracks
closed due to a large crack opening in museum wall, causing bricks and plaster
to fall,"”

Intensity VII is assigned by Coffman and Cloud (1970).
SEISMICITY OF THE NEW MADRID SEISMIC ZONE

Large earthquakes of the New Madrid seismic zone are shown in figure 7.
It includes the four principal 1811-1812 earthquakes, the 1843 and 1895
earthquakes with maximum intensities (Io) of VIII and IX respectively, and all
other shocks with Io > VI-VII. Intensities VI are indicated by small dots.

There are numerous smaller earthquakes in the study region in addition to
the four large earthquakes of 1811-1812 discussed above. The New Madrid
seismic zone (figure 8) is the most active seismic area in the central and
eastern United States (Zoback and others, 1980). The zone has recently been
well defined as a result of the data gathered by a regional seismic network,
which was established in 1974 (Stauder, 1982) and through seismic reflection
profiling (Zoback and others, 1980)., Seismic reflection profiling is a method
for determining the locations and attitude of strata beneath the surface by
recording artifically induced vibrations.

Epicenters determined using the recordings obtained by the seismic
network from 1974 to 1981 are shown in figure 8. They are plotted from a
computer tape of epicenter locations made available by Robert B. Herrmann of
Saint Louis University. These instrumentally recorded microearthquakes, for
the most part not felt, give sharp definition to the location of the New
Madrid seismic zone. Precise definition of the zone prior to the installation
of the seismographic network in 1974 was impossible because of the scatter in
the historical epicenters (figure 7), which are for the most part located by
intensity data, rather than by instrumental data.

Note that, while the recent seismicity defines the zone, it does so only
for the interval 1974-1981. Activity may have occurred elsewhere in the zone
prior to 1974. The epicenters of the 1843 and 1895 shocks, although poorly
located themselves, appear to be somewhat south and north, respectively, of
the clustered epicenters shown in figure 8.
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PROBABILITY OF LARGE EARTHQUAKES IN THE MISSISSIPPI VALLEY

By S. T. Algermissen
EARTHQUAKE OF MAXIMUM MAGNITUDE

Nuttli (1981) has assigned the largest shock of the 1811-1812 a M
(surface wave magnitude) of 8.7, equivalent to an my (body wave magnitﬁde) of
7.3. These magnitudes are at the upper limits of both magnitude scales, which
means, from a practical point of view, that the MS and m, magnitude scales
saturate at these levels. Saturation of the scales means that the amplitudes
of P-waves and surface waves with periods of one second and 20 seconds
respectively reach limiting amplitudes for body wave magnitudes of about 7.5
and surface wave magnitudes of about 8.7. The m, magnitude is derived from
the amplitude of P-waves at about one second period. The M_ magnitude is
derived from the amplitude of surface waves with periods of 20 seconds,

Larger earthquakes (earthquakes releasing more energy than earthquakes with

m_ ~7.3 and M_ ~8.,7) are konown to have occurred (for example, in Alaska in
1864) and their magnitude can be scaled by use of the moment magnitude M
(Kanamori, 1977). Earthquakes with large moment magnitudes for which both the
Mg and m_ scales are saturated are not likely to produce significantly larger
amplitude ground motions than M, = 8.7 (mb = 7,3) earthquakes out to distances
of the order of 100 km. At greater distances, earthquakes with large moment
magnitudes may produce significantly larger amplitude ground motion at longer
periods. Earthquakes will shake increasingly larger areas (as M, increases)
at damaging levels.

The entire length of the New Madrid zone is only about 240 km which
suggests that the stress drop in the 1811-1812 earthquakes may have been
higher than for earthquakes along plate boundaries such as occur in
California.

A number of investigations have developed magnitude-fault rupture length
relationships using various data sets (for a summary see Slemmons, 1977).
Based upon a length of about 240 km for the New Madrid Zone, most of these
relationships would predict smaller maximum magnitudes than are known to have
occurred in the zone although the dispersion of the data sets is very large.

Because of the uncertainty in the stress drop associated with earthquakes
in the Midwest and the large dispersion of the magnitude-fault length data
sets, fault length does not offer a very high resolution method of estimating
maximum magnitude events in the Midwest.

Because of the large magnitudes of the four principal shocks of the 1811-
1812 sequence and siuce these are the largest shocks known to have occurred in
historical times in North America (exclusive of Alaska), it 1Is at least
reasonable to assume that repetition of the 1811-1812 series in the
Mississippi Valley represents an adequately conservative model for disaster
planning and response. This assumption is made in the present study.
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RECURRENCE OF LARGE SHOCKS

The average recurrence rates of large earthquakes can be estimated
reasonably well from the historical record of earthquake occurrence provided
that the area is not too small, that is, the area is sufficiently large that a
number of large shocks have been known to have occurred historically. The
seismicity of the midwestern United States is relatively low and the 1811-1812
series of large shocks is unique although some archeological evidence and
certain native American legends suggest earlier large earthquake occurrence.

A number of estimates have been made of the average recurrence rate for large
earthquakes in the Mississippi Valley. Since significant seismogenic faults
(and consequently fault slips) have not been positively identified in the
Mississippi Valley, estimates of the recurrence times of large shocks have
been based on the historical earthquake data. Table 5 summarizes some of the
estimates. The important conclusion from table 5 is that there is general
agreement among a wide range of investigations on the average recurrence
interval for large shocks when the recurrence rate is estimated from the
historical seismicity. 1In the absence of geologic (fault slip) or other
confirmatory data, it 1s not easy to estimate the reliability of the estimates
of the recurrence rates of large shocks based on the historical data.

TABLE 5.-—Estimates of average recurrence times for large earthquakes in the
Mississippi Valley

[Leaders (—-—--—- ) indicate no data]
Magnitude or Estimated
maximum MM recurrence Method
Source intensity (years) used
Nuttli (1974)---—  7.0-7.4 (mb) 510 Maximum likelihood; weighted
7.0-7 .4 (mb) 710 least squares.
Algermissen XI 500 Least squares (1811-12 events
(1973). (my, ~7.2) included).
McClain and Myers X 175 =
(1970).
Mann and Howe 7.7 (MS) 600-700 = —e————
(1973). X
Algermissen X1 500-600 Extreme value analysis.
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NATURE OF LIQUEFACTION AND LANDSLIDES IN THE NEW MADRID EARTHQUAKE REGION

by Stephen F. Obermeier

This section is intended to be understandable to land-use planners and
nontechnical administrators. 1In addition, it is sufficiently technical to
provide guidance for assessing the possibility of liquefaction and some types
of landslide problems that would be caused by recurrence of 1811-12 magnitude
earthquakes or of any large earthquakes in the region.

The fundamental causes of liquefaction and their consequences are
considered. Liquefaction-related problems are then discussed for different
earthquake intensity regions. 1In regions having Modified Mercalli intensities
(M.M.) of X and higher, liquefaction will be widespread and cause numerous
disasters if there is recurrence of an 1811-12 strength earthquake.
Liquefaction will also be commonplace in lowlands near streams in regions with
intensities of IX.

Landslides will take place in uplands, particularly on loess—covered
slopes near major rivers. Some will be very large. Typical landslide sizes
and their geologic—-topographic settings are discusssed. Landslides will also
be common along small and large streambanks, and can lead to collapse or
damage of many bridges.

LIQUEFACTION, LIQUEFACTION POTENTIAL, AND LIQUEFACTION-INDUCED PROBLEMS

Earthquake-induced liquefaction is reasonably well understood from an
engineering perspective. The conditions required for liquefaction are briefly
reviewed in the area affected by New Madrid earthquakes.

The consequences of liquefaction can include flow landslides, lateral
spreading landslides (lateral spreads), quick condition (bearing capacity or
tilting) failures, and differential settling of the ground. Possible remedial
solutions for some of these are noted.

A method is outlined for evaluating the liquefaction potential in the New
Madrid region for different Modified Mercalli intensity values. This method
is later used to make maps of the regional potential for the states, at a map
scale of 1:1,000,000.

Conditions for Liquefaction

Liquefaction is defined as "the transformation of a granular material
from a solid state into a liquefied state as a consequence of increased pore-
water pressures” (Youd, 1973). 1In the liquefied state, the material basically
behaves as a fluid mass. The increased pore pressure is understood as being
caused either directly or indirectly by earthquake shaking.

Pore-water pressure buildup in saturated cohesionless soils is caused by
the application of cyclic shear stresses induced by ground motions (Seed,
1979). These stresses are generally considered to be due primarily to the
upward propagation of shear waves. A soil element on level ground undergoes
loading conditions as depicted in figure 9, the stress applications being
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somewhat random but nonetheless cyclic. Because of the shearing, cohesionless
soils that are sufficiently loose tend to become more compact (that is, occupy
less volume). This causes an increase in the pore-water pressure and a
decrease in intergranular stress. With continued application of cyclic shear
stresses, the pore pressure of loose sands can approach a value equal to the
total overburden pressure, even though the shear strains are still small,
Further cyclic shearing can cause the pore pressure to increase suddenly to
the confining pressure, causing large shear straining (even flowing).

Denser cohesionless materials, while not nearly as susceptible to large
shear straining, may still develop a residual pore pressure equal to the
confining pressure and produce liquefaction after earthquake shaking. After
the cyclic stress applications stop, there is still an upward flow of water.
It is likely that the upward flow of water to the ground surface from an
underlying layer having a high pore water pressure is the major causative
factor in carrying sand to the ground surface and causing “sand blows”
(Housner, 1958; Seed, 1979).

Liquefaction during earthquake shaking commonly originates in a zone from
6 to 15 feet (2 to 5 m) below the ground surface, but can originate at a depth
greater than 65 feet (20 m) (Seed, 1979). Generally the water table must also
be near (say, within 10 to 15 feet) (3 to 5 m) the ground surface for there to
be very serious problems. Figure 10 illustrates that the zone of liquefaction
depends on the relationship between the cyclic shear stresses generated by the
earthquake and the resistance to liquefaction of the soil.

Seismological factors of prime importance that control liquefaction
during shaking include the intensity of the cyclic shear stresses and the
number of applications of the shear stresses (Seed, 1979). 1In the field this
translates to shaking intensity (that is, peak acceleration) and duration.
Analytical engineering methods for handling variable cyclic shear stress
applications and irregular cyclic stress applications typical of real
earthquakes are presently well developed and yield quite acceptable results,
providing the stress histories are known or can be predicted with reasonable
accuracy.

In regions significantly shaken by New Madrid earthquakes, the most
common materials prone to liquefaction have textures entirely or dominantly of
sand. Loose clean sands are the most common and widespread susceptible
materials, although gravelly sands and silty very fine sands can also
liquefy. There are unumerous (hundreds of) river and creek depositional
terraces in the region affected by New Madrid earthquakes.

Clean silts with only very small amounts of clay and low cohesion are
also susceptible to liquefaction, although probably not nearly to the extent
of clean sands. Clean silts are commonplace on many upland areas near major
streams which carried meltwaters from Wisconsinan-age (in the age range of
about 100,000 until 10,000 years ago) glaciers. The meltwaters carried large
volumes of silt-sized material which was later deposited on flood plains
during warm seasons; then, during cool seasons when melting was diminished and
flood plains were dry, wind picked up the silts and redeposited them on
adjacent areas. These wind-deposited silts are known as loess. Thick loess
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is commonplace along the Mississippi River throughout the region having
Modified Mercalli intensities of IX or higher on figure l4. In some places
the loess is water-saturated and subject to liquefaction.

Some of the silts in the glacial meltwaters were carried into large
bodies of quiet water, which were lakes in effect, and the silts were laid
down in the lake bottoms. There are vast, thick glacial lake deposits north
of Cairo, Illinois. Many of these old lakes presently have high ground-water
tables, and the silts are so clean and soft as to be susceptible to liquefac-
tion. Beneath the silts in these old lake beds, there are very loose sands at
many places.

Some clay-bearing soils may also liquefy in the event of a New Madrid-
type earthquake. The clayey soils that are prone (Seed and others, 1983)
appear to be those with less than 15 percent finer than 0.995 mm, water
content nearly equal to or greater than the liquid limit, — and a liquid
limit less than 35. Almost without exception, the only soils with these
properties are in present-day flood plains where there are also very loose
sands, or else in very wet swampy areas.

Consequences of Liquefaction

Liquefaction leads to three basic types of ground failure (Seed, 1968) -
flow landslides, landslides with limited movement (lateral spreads), and
quick-condition failures. In addition, ejection of soil (as by sand blows),
and differential loosening and densifying of soil causes differential settling
of the ground. These consequences of liquefaction are discussed for the
different types of failures in sands, and then in silts and clays. Much of
the information is taken from Youd (1973).

Damage from liquefaction-induced ground failure is commonly a major
portion of total earthquake damage for moderate to large earthqakes. 1In the
Alaskan earthquake of 1964, ground failure caused more than half the economic
losses.

Flow landslides:

Liquefaction in loose sands can lead to almost unlimited flow, providing
the surface slope exceeds about three degrees. If the mobilized soil is
unrestrained, large soil masses can move long distances as viscous fluids or
blocks of intact materials riding on liquefied flows. Examples of the type of
earth structure and landslide dimensions are from dike failures in Holland
(Koppejan and others, 1948). Dike slopes before failure were about 35
degrees, with banks as high as 130 feet (40 m). After failure many slopes
were 4 degrees or less, which led to disastrous breaches in the dikes. 1In the
San Francisco earthquake of 1906, there were numerous flows; one moved several
hundred yards (Crandall, 1908). There are many places along the Mississippi

l/The liquid limit is the water content at which a remolded sample has a soft
consistency; the liquid limit is the state at which the sample is on the
semisolid-1liquid boundary. Liquid limit is measured in a standardized
test described in any elementary soil mechanics text. Water content is the
ratio, (weight of water)/(weight of dry soil), in percent.
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River where the levees could fail in a similar manner, letting flood waters
flow into the lowlands behind the levees.

On silts and especially clays, large and tremendously damaging lateral
flows are probably not as likely to develop as in sands, though laboratory
test data and field performance data are so sparse that it is not possible to
make definitive statements.

Lateral-spreading landslides:

Where conditions are favorable for liquefaction but the sands are too
dense to flow freely, or the surface slope is between about 0.5 and 3 degrees
limited flow can take place., Even where sands are loose on slopes as low as 1
degree or less, horizontal displacements are commonly a few feet to as much as
6 feet (0.7 to 2 m), and these displacements can leave large open cracks at
the surface., Lateral spreads are often commonplace during moderate and strong
earthquakes. In the 1811-12 earthquakes, this type of landslide was extremely
common (probably many thousands) and widespread in the entire region between
the Mississippi River and Crowley's Ridge, from Cairo, Illinois, to near
Memphis, Tennessee, Many of these have lengths of 500 to 1000 feet (150 to
300 m), and are even wider. The earthquakes probably caused many large
lateral spreads in the lowlands west of Crowley's Ridge,

During the 1964 Alaska earthquake, about 250 bridges were damaged to an
extent requiring substantial repair or replacement, Almost all the bridge
damage was caused by compression of the structures as a result of lateral
spreading toward river channels of liquefied flood-plain deposits.,

On silts and clays lateral spreading would probably not be nearly as
severe as In sands during an 1811-12 magnitude earthquake, but spreading could
still cause some major structural damage to buildings and bridges.,

Quick-condition failures:

Seepage forces caused by upward percolating pore water commonly
drastically reduce the strength of granular materials, for minutes to days
after earthquake shaking. TIf the strength is reduced to the point of
instability, this state is known as a "quick condition” (this is the same as
"quicksand” to the general public). This condition is generally found only in
thick sand deposits that extend from below the water table to the ground
surface.

Loss of bearing capaclty is a common type of quick condition failure and
is common on ground surface slopes between about 0 and 0.5 degrees. Buoyant
rise of buried tanks, empty swimming pools and water treatment tanks is
another common result. Landslides can also take place from this effect. 1In
the 1964 Niigata earthquake in Japan, high-rise apartment buildings had quick
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condition, bearing capacity failures and rotated so much that people could
walk on the previously vertical exterior (see figure 11); embankments also
subsided into the weakened sands.

Differential settlements:

Wherever seepage forces carry sand and water to the surface, buildings
can be undermined. This in turn can cause differential settling of buildings,
and perhaps lead to bearing capacity failures. Though probably not often
totally destructive of buildings, it can distort and damage structures.,
Differential settlement of the ground and sand blow craterlets were
unquestionably very common in the 1811-12 earthquakes within the area of
intensity XI of figure 14. Figure 12 shows a sand blow craterlet caused by
liquefaction in the Charleston, South Carolina, earthquake of 1886. Clearly
removal of this much material from beneath a building can cause severe damage.

Engineering Evaluation of Liquefaction Potential

Regional evaluation of the liquefaction potential of clean sands is
commonly done in the field, by testing the soil in-place with the Standard
Penetration Test (SPT) blow count method. A sampling tube is driven into the
ground by dropping a 140-1b (63.5 kg) weight from a height of 30 inches (176.2
cm). The penetration resistance is reported in number of blows of the weight
required to drive the sampler 1 foot (30.5 cm)., The SPT blow counts (N
values) are then used in conjunction with anticipated earthquake-induced shear
stresses (a function of accelerations) to determine if liquefaction may take
place. Figure 13 shows boundary curves (by Seed and others, 1983) which
define where liquefaction is likely or unlikely to occur for earthquakes with
different magnitudes., The figure applies to clean sands with almost no silt,
on level ground. (Figure 13 can be modified for use with silty sands by
simply adding 7.5 to the N, value before entering the chart). For a given
magnitude, data points below the curve will almost certainly not liquefy, and
data points above the curve have a high probability of liquefying sufficiently
to cause sand blows (and landslides and other liquefaction-related
problems). The curves were developed from studies of earthquake-induced
liquefaction at many sites around the world.

The field cyclic stress ratio of figure 13 is the ratio of the average
cyclic shear stress (T, ,.,) developed on horizontal surfaces of the sand as a
result of the cyclic earthquake loading to the vertical effective stress
(001) on the sand layer before the cyclic stresses were applied.

The cyclic stress ratio developed in the field due to earthquake shaking
is computed from equation (1):

. L] o' L[]
(1) Th avg = 0.65 (Amax o rd)
001 ( 8 001 )
where Apax = peak horizontal acceleration at the ground surface; o = total

o}
overburden pressure (weight) on the sand under consideration; o l = initial
effective overburden pressure (total weight minus water pressure) on the sand
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Figure 13 .~-Chart for evaluation of liquefaction potential for different
magnitude earthquakes (from Seed, Idriss, and Arango, 1983).
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layer under consideration; ry = stress reduction factor ranging from a value
of 1 at the ground surface to a value of 0.9 at a depth of about 30 ft (9.6
m); and g = the acceleration of gravity.

For one of the most common field conditions on the terraces and flood
plains in the New Madrid earthquake region, where the water table is about 6
feet (2 m) below the ground surface, and the weakest sands are at a depth of
12 to 16 feet (4 to 5 m), the field cyclic stress ratio is almost exactly
equal to the peak horizontal acceleration; that is, if the peak horizontal
acceleration is 0.20 g, the cyclic stress ratio is essentially 0.20.

On figure 13, the modified penetration resistance, N,, is the SPT blow
count value measured in the field multiplied by a correction factor that
accounts for the influence of field stress conditions on the measured blow
count; for the field conditions discussed in the paragraph above, the
multiplication factor is 1.4.

To illustrate use of the curves, let it be assumed that the peak
horizontal accelergtion at the ground surface is 0.20 g for an earthquake
magnitude (M) of 6 /4> and the SPT blow count in clean sand is 10 on a nearly
level terrace for the depth and water table conditions discussed previously.
These conditions are given by point A on figure 13; liquefaction would be very
probable.

As noted previously, figure 13 is strictly applicable only for level or
nearly level ground. On steeper slopes, higher accelerations are required to
cause liquefaction, and more sophisticated methods are used to determine if
liquefaction may develop. Still, use of figure 13 helps assess if there is
the possibility of problems on the slopes.

The procedure sketched above, known as the "simplified procedure” of Seed
and Idriss (1971) indicates only where liquefaction is likely. Disastrous
ground failure may or may not result from an occurrence of liquefaction. 1In
general, liquefied loose sands are much more likely to flow, move large
distances, or cause disasters than medium dense sands, even though both sands
may liquefy; more rigorous methods are necessary for evaluating the complete
scenario.

For clean silts and clay-bearing soils, there are no charts analogous to
figure 13. Laboratory test methods must be used at the present time to
appraise their behavior in any detail. However, it is certain that serious
liquefaction can take place in these materials only whenever they are quite
soft. The softness of silts and clays can also be estimated by the SPT
method.

Let us now examine how to apply figure 13 to the New Madrid earthquake
region. According to many historical accounts of the 1811-12 earthquakes, and
according to modern measurements on small earthquakes in the region, the
duration of shaking is much longer than is typical of other earthquakes
throughout the world. Correction of figure 13 to account for the prolonged
duration of very strong earthquakes (according to data developed by Seed and
others (1975) and Annaki and Lee (1977) shifts the curves to the right,
probably about 5 percent. Thus the shift is relatively minor.
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According to Street and Nuttli (1984), the three largest 1811-12
earthquakes had magnitudes (Ms) between 8.4 and 8.7. For purposes here, 81/
will be used. To use figure 13 in determining what soils are susceptible to
liquefaction, we need now to know the accelerations.

The writer (Obermeier, 1984) has related the pattern of 1811-12
liquefaction features to SPT blow counts throughout much of the alluvial
lowlands severely affected, and then used a chart much like figure 13 to back~
calculate the 1811-12 earthquake accelerations. From that basis, the writer
believes that a maximum horizontal acceleration on rock of about 0.10-0.15 g
characterizes average conditions in the region with Modified Mercalli
intensity IX, of figure 14. Higher acceleration values would be expected
nearer the epicenter, and where soil-rock relationships cause a modification
at the ground surface. For accelerations of this level in rock, accelerations
in overlying shallow weak alluvium are commonly amplified by a factor of about
11/ or so (Hays, 1980). It is impossible to make precise evaluations of
amp%ification in the New Madrid region, because of the lack of knowledge about
characteristics of large earthquakes. Thus the data given by Hays probably
give about the best available estimates.

Hence, for the region with intensity IX, at the ground surface peak
horizontal accelerations as much as 0.15 g should be expected to be
commonplace. From figure 13, for a magnitude 8 /2 earthquake, N, values of 16
or less should liquefy. This translates to N values of about 11 or less for
sands on typical terraces and flood plains in the depth generally most subject
to liquefaction; this also translates to N values of about 6 or less for silty
sands. For soft silts, probably only those with SPT values of 4 to 5 or less
are susceptible. The writer believes that some clays with SPT blow counts
less than 2 to 3 may be susceptible in this region.

Closer to the epicenter, where Modified Mercalli intensity values and
accelerations are higher, a similar approach can be used to estimate N, values
that indicate susceptibility. Within about 30 to 40 miles (50 to 65 km) of
the epicenter back-calculation of the 18l1l-strength earthquake by the writer
(Obermeier, 1984) yields peak rock horizontal accelerations of about 0.20 g.
This basically doubles the N values for sands, and probably for weak silts,
that are susceptible., For clays, the writer believes that only those with SPT
blow counts of 3 or less may be susceptible.

The procedure just outlined is used later to determine which geologic
materials are susceptible to liquefaction, for individual states at a scale of
1:1,000,000. Alternate procedures for estimating accelerations are in papers
by the writer (1984) and Nuttli and Herrmann (1984). The values by Nuttli and
Herrmann are somewhat higher (about 25-50 percent) than the writer's, but this
difference is too small to be important for regional assessment.
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Solutions to Liquefaction

Solutions to potential liquefaction problems basically involve preventing
the possibility of liquefaction. Once a liquefied mass has started moving,
the forces are often huge and problems severe.

The best solution is to avoid the site. If that cannot be done, possible
solutions are grouting, lowering the ground water table, excavating trenches
in weak materials and backfilling them with well-compacted soil to prevent
lateral movments, or installing gravel columns to relieve pore pressures.
Loose sands can sometimes be made more dense by compacting. Some materials
must be removed and replaced with stronger material. Many solutions are very
expensive,

LANDSLIDES NOT CAUSED BY LIQUEFACTION

There were two geologic—-topographic settings where landslides were
especially prominent in the 1811-12 earthquakes. The most spectacular,
largest landslides took place in the steep loess slopes, especially those east
of the Mississippi River from Cairo, Illinois, to Memphis, Tennessee. Fuller
(1912) reports that the large slides in loess bluffs extended as far south as
Vicksburg, Mississippi. Some typical dimensions and geologic settings
associated with these slides are noted. A methodology is outlined for
locating potential landslide sites, given the recurrence of an 1811-12 type
earthquake.

The other setting where landslides were commonplace in 1811~-12 was along
streambanks. Clearly many of these must have been caused by or related to
liquefaction, but many if not most must have been rotational slumps or topples
of banks undercut by streams. The relevance of these types of failures to
present—day conditions 1is discussed, for the recurrence of an 1811-12 type
earthquake,

Landslides in Steep Loess Uplands

Fuller (1912) suggested that some large horizontal glide blocks of loess
in the bluffs east of the Mississippi River were caused by the 1811-12
earthquakes. Randy Jibson (U.S. Geological Survey, oral communication 1984)
has recently collected and analyzed data which confirm Fuller's suggestion.
Jibson notes that for the larger landsides, the head scarp is commonly 300 +
150 feet (100 + 50 m) back from the stcep slopes or bluffs. The initial slope
of the land behind the steep slopes was typically only 3 to 4 degrees. Jibson
also has found that the material that failed was the clay (of the Jackson
Formation) beneath the loess. This clay is so impermeable that it trapped
water, and the water-softened clay was very weak.

Landslides in loess during wet seasons are also presently rather
commonplace at other places where the loess lies on water-softened, clay-rich
soils. 1In the Saint Louls area, for example, there are numerous landslides
where loess is on Pennsylvanian-age clays of the coal measures. There and
throughout Missouri, the slides presently take place even on slopes less than
18 degrees (Jerry Wallace, civil engineer and geologist, retired, Missouri
Highway Department, personal communication). Some of the loess landslides
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also take place as silt-rich loess slides on clay-rich loess. The clay-rich
loess is generally much older than the silt-rich loess, the clay originating
from chemical weathering of loess deposited before the last (Wisconsinan)
glacial advance.

All landslides discussed above probably took place with liquefaction
having a limited or no role in development of the failure. However, there is
the distinct probability that earthquake-induced liquefaction can have a major
role in causing many intermediate-or small-sized landslides in uplands.
Liquefaction in "loess"” is especially likely where the loess has within it
thin clean sand layers or where cohesion is extremely low. Although loess is
typically made up of silt-sized material, near the source (that is, flood
plains of major rivers) it commonly is interlayed with thin layers of wind-
deposited very fine, very loose sand (that is, dune sand). In addition, rain
falling on loess shortly after deposition left thin strata of clean loose
sands at unpredictable locations within the loess.

With this background, where then are the sites that must be viewed as
susceptible to failing in another 1811-12 type earthquake? The writer
believes that both previously failed and many presently stable loess slopes
are candidates for failure. The clay-rich soils on which slides previously
moved were greatly weakened by the shearing movement (basically, they have
been slickened). These slickened clays have been permanently weakened, and
their present—day strengths are probably on the order of about one-half or
less that of the unfailed clays. (In engineer's terminology, they would have
“residual shear strength".)

Areas on the regional intensity map (figure 14) with Modified Mercalli
intensities of X and higher should be considered as subject to large block
glides or slumps at places where loess is on slopes steeper than about 3 /2 to
1, especially where there are seeps or evidence of water at the base of the
loess., These slides may extend as far back as 450 feet (150 m) from the top
of the very steep banks and bluffs in exceptional cases.

In areas with intensities less than X, only rarely would the largest
slides extend so far back from loess bluffs, but it is probably not
unreasonable to expect there to be many failures that go back from the steep
slopes or bluffs by as much as 50 to 75 feet (15 to 25 m).

Upland areas with lakes situated in loess deposits are also especially
prone to failure. The dams may not fail but landslides could easily be
extensive around the ends of the embankment, in the loess, and could cause
catastrophic failure.

Landslides Along Streams

Landslides would be extremely common along all streams, especially those
with steep banks. Banks on streams ranging from little creeks to major rivers
would be very susceptible, for Modified Mercalli intensities of IX, and
especially for higher intensities, Numberous retaining walls would collapse,
and severely damage or destroy small bridges. Many large structures would
also be subject to damage.
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It is virtually impossible to characterize special settings or conditions
which may cause collapse of stream banks or retaining walls, because the
possibilities are so numerous. Soils of all textures and strengths are
susceptible. Only site-specific studies can assess the susceptibility.

Dams impounding streams are not considered, because they are beyond the
scope of this paper.
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VARIATIONS IN MODIFIED MERCALLI INTENSITIES

by Margaret G. Hopper
CAUSES OF VARIATIONS IN INTENSITY PATTERNS

The intensity patterns of two large earthquakes with epicenters close
together are frequently similar. For example, higher intensities are usually
experienced in alluvial river valleys, lower intensities on bedrock. Some
other localities with unusually high or low intensities are more difficult to
explain. The intensity scale is an attempt to quantify a qualitative type of
information, and in the process the scale greatly simplifies a very complex
phenomenon. Factors which are thought to affect the resulting intensity at a
given site include: earthquake magnitude and depth; focal mechansim;
epicentral distance; acceleration, velocity, amplitude, period, and wavelength
of the seismic waves; duration of strong shaking; type of ground; geologic
structure; slope of ground; ground water; and natural period of structures and
sites. 1In addition, assignment of intensity values to observed effects should
include consideration of type of construction, quality, and workmanship. Much
of the preceding list is from Barosh (1969). :

Comparison of the intensity patterns of the four earthquakes shown in
figures 2, 4, 5, and 6 reveals some similarities. For the data-scarce 1811
earthquake (figure 2) the patterns that have been drawn are mostly smooth
curves, nearly circular. There is a slight hint of higher attenuation to the
south, lower to the northeast, but too few data occur on the map to give much
confidence in the exact locations of the isoseismals. For the 1843
earthquake, figure 4, the situation is improved. The attenuation is
definitely higher on the southwest, lower on the northeast along the Ohio
River, on the northwest along the Mississippi River, and on the southeast.

The 1895 earthquake, figure 5, with epicenter farther north, shows similar low
attenuation northeast and northwest. The 1968 earthquake, figure 6, though a
smaller earthquake located north of the New Madrid seismic zone and north of
the other earthquakes considered, has an excellent data set allowing detailed
contouring of isoseismals. Note that it shows low attenuation along all the
river valleys, higher attenuation to the south and south-southwest. Figure 6
also clearly shows that within a given isoseismal area, the intensities are
not uniform. For example, in the area of intensity IV Modified Mercalli there
are also a number of III's and V's, and even VI's. Isoseismals are normally
constructed to outline the predominant intensity in an area, that is, the
highest intensity which is common in an area.

As discussed above, intensity may not attenuate uniformly in all
directions. When data are sufficient isoseismals are seldom circles, but
rather extend farther along certain courses (for example, river valleys) and
have reentrants, or lower intensity regions, in other areas. To preserve
these patterns of unusually high or low intensity areas, the isoseismals of
the 1843 and 1895 earthquakes have been used as the basis of the regional map
(figure 14) developed in this study.
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EFFECTS DUE TO LIQUEFACTION AND LANDSLIDING

Areas susceptible to ground effects, such as liquefaction and
landsliding, can also cause variations in Modified Mercalli intensity
patterns.

Liquefaction occurs when earthquake shaking causes a water—saturated,
unconsolidated sand at depth to loose all its shear strength and become
fluid. This mechanism produced the sandblows that were so prevalent during
the 1811-1812 earthquakes.

Liquefaction can cause a loss of bearing capacity of any structure in the
liquefied region. In Niigata, Japan, in 1964, many structures settled more
than a meter, often with severe tilting. One apartment building tilted 80
degrees from the vertical but remained structurally intact (figure 11). Some
buried structures floated to the surface (Seed and Idriss, 1967).

Liquefaction can also cause landslides. Several severe landslides were
caused by liquefaction in Anchorage, Alaska, during the 1964 earthquake.
Failure occurred in sand lenses overlain by clay; the sand failed and caused
blocks of earth to move along a nearly horizontal surface toward a free face,
or bluff, and then to collapse in wedge-shaped masses (Eckel, 1970).

Similar conditions likely to result in liquefaction exist in the
Mississippi embayment. Liu (1981) described the conditions there: A few feet
of clay and silt overlie a massive sand and gravel substratum, 50-100 feet
(15-30 meters) thick. During earthquake shaking, the saturated cohesionless
materials compact, causing an increase in pore water pressure in the soil and
the upward flow of the water to the surface. This in turn causes flooding.
Liu also pointed out that natural levees interbedded with lenses of
cohesionless sand may fail by liquefaction, form flow slides into the
watercourses, and cause flooding. Also, collapse of the man-made dikes in the
New Madrid area into the drainage canals would cause widespread flooding (Liu,
1981).

One particular site that Liu notes, where the liquefaction potential has
been investigated, is the Patoka Dam site in Indiana. Results indicate the
foundation at the dam site to be subject to liquefaction from a magnitude-6.5
earthquake (Liu, 1981).

Geologic evidence of sandblows associated with the 1811-1812 and earlier
earthquakes is still visible at the surface today. Detailed mapping of these
sands in the Saint Francis basin has recently been completed by Obermeier
(1984). The potential for liquefaction exists far beyond the Saint Francis
basin, however.

Youd and Perkins (1978) suggested that an opportunity exists for
liquefaction, in sediments susceptible to liquefaction, as far as 150 km from
the epicenter of a great earthquake. Since four of the cities studied in this
report are within this distance range of some segment of the New Madrid
seismic zone (and the other three cities are within 200 km), the potential for
liquefaction must be assumed to exist in all the cities that are underlain by
liquefiable sediments. 1In each case, this is the area shown as the highest
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